Here we consider our four-point flexure and compression creep results obtained under Ar protection at 1800 ℃ to predict the tensile creep behavior of a ZrB 2 -20 vol% SiC ultra-high temperature ceramic. Assuming power law creep, and based on four-point bend data, we estimated the uniaxial creep parameters using an analytical method present in the literature. Both predicted and experimental compressive stress exponents were found to be in excellent agreement, 1.85 and 1.76 respectively, while observation of the microstructure suggested a combination of diffusion and grain boundary sliding creep mechanisms in compression. Along with the microstructural evidence associated with the tensile regions of the flexure specimens, the predicted tensile stress exponent of 2.61 exceeds the measured flexural value of 2.2. We assert an increasing role of cavitation to the creep strain in pure tension. This cavitation component adds to the dominant grain boundary sliding mechanism as described below and elsewhere for flexural creep.
Introduction
Ultra-high temperature ceramics (UHTCs), namely ZrB 2 and HfB 2 , are designed to operate at temperatures as high as 2400 ℃ due to their high melting points, oxidation resistance, and mechanical properties [1] [2] [3] [4] [5] [6] . Improved oxidation behavior as well as enhanced fracture strength and toughness can be achieved by addition of 20-30 vol% of SiC [2, 7] . Creep behavior of these materials is particularly important for several applications such as re-entry vehicles and hypersonic aircraft, which involve exposure to high temperatures for extended periods of time [4, 8] . In general, characterizing the creep behavior of materials requires the determination of the strain rate-stress relationship which usually exhibits three different regions, namely primary, secondary, and ternary. Secondary creep is a steady-state stage where, tensorially, the strain rate components take the following form: 
where 0  and 0  are reference strain and stress states, respectively. e  is the Von Mises stress corresponding to the deviatoric stress tensor ij S , and n is the stress exponent. Under pure uniaxial deformation configuration, the steady-state-strain rate s  reduces to [9] :
where the pre-exponent constant A accounts for temperature and microstructural effects, and the stress exponent n depends on the relevant rate-limiting mechanism.

Creep in tension and compression are often induced by different deformation mechanisms. For example, silicon nitride was subjected to compressive and tensile creep stresses ranging between 10 and 300 MPa at temperatures between 1350 and 1400 ℃ [10] . Over the entire stress range, compressive creep rates showed a linear dependence with stress. Creep rate in tension, on the other hand, followed an exponential trend at high stresses. Observation of the microstructure showed that, unlike compression, creep in tension is controlled by cavity formation. At 1.8% strain, the volume fraction of cavities in compression was only 18% of that in tension [10] . In general, polycrystalline materials with a viscous grain boundary phase exhibit larger creep strains in tension compared to compression [11] . The aforementioned example of silicon nitride shows how different creep in tension and compression can be. Thus, tensile and compressive components of creep must be separately studied to completely discern the associated deformation mechanisms. However, reliable data from high temperature unidirectional tests are not always straightforward. In fact, buckling, gripping, and fixture-related issues, usually encountered during these tests, hinder the collected data. In this context, many attempts were made to extract the tensile and compressive components from bend data since (1) bending tests are easier to conduct and (2) bending deformation can be seen as a combination of tension and compression. A first separation of individual tensile and compressive components from bend data was done by Finnie [12] . In his analysis, Finnie extracted the power law creep parameters for a trapezoidal cross-sectional specimen assuming a linear dependence between strains and stresses, i.e., 2), where the subscripts c and t refer to compression and tension respectively. Such assumption presumes identical behaviors in tension and compression and prior knowledge of the considered material. Talty and Dirks [13] extended the work done by Finnie on the same specimen geometry while c t A A  and c t n n N   , with N an arbitrary number. They obtained excellent agreement with silicon nitride four-point bending results where a common stress exponent of 2 was determined for compression and tension. Xu et al. [14] proposed an analytical solution correlating the creep parameters to the load point deflection and the applied load in a three-point bending configuration. A parametric finite element analysis was conducted showing the parameter correlations. Chuang [15] investigated non-symmetric creep behavior where compression and tension were assumed to have completely independent behaviors (i.e., c t n n  and c t A A  ). Two governing equations relating the neutral axis position and the curvature rate of the beam subjected to a bending moment were given in a coupled non-linear algebraic form that can be solved numerically. He later introduced a simplified analytical solution that can be used given that shift in neutral axis location and curvature rates from two different bend data are available [16, 17] .
In the present manuscript, four-point bending creep tests and compression tests were conducted on ZrB 2 -20 vol% SiC at 1800 ℃. Most importantly, we showed the solution proposed by Chuang [17] to successfully predict the compressive stress exponent which we measured here. The predicted tensile creep parameters were within those published for refractory compounds under tension or tensile bending stress, and based on recent findings published by our research group. No experimental tensile data are available in the literature for direct comparison. In fact, for ZrB 2 composites, only flexure and compression experiments were carried out in the literature [7, [18] [19] [20] [21] [22] [23] . Additionally, we propose an enhanced specimen geometry for compression creep testing that allows higher creep strains to be reached prior to the onset of catastrophic specimen instability.
Experimental methods

1 Creep experiment
A complete description of the processing procedure of the materials used in the present manuscript is detailed in Section 2.1. of Ref. [18] . Both flexure and compression creep experiments were conducted in a clamshell furnace (DT-33-55, Deltchech, Inc., Denver, CO, USA) equipped with Molydisilicide heating elements capable of reaching 1900 ℃ . For each experiment, the specimen was enclosed in a 7 long vertical alumina tube with porous (90%) alumina refractory plugs at each end. Experiments were conducted under a flowing protective atmosphere comprised of ultra-high-purity Argon (99.999%). During compression tests, displacements were measured using a video extensometer (Messphysik, Austria) capturing the movement of a marker (every 3 seconds) fixed on the SiC rod applied on top of the specimen. A dead load was supported by a weight applicator fixed on the SiC rod and equipped with water-cooled junctions. A grafoil sheet (Graftech Int. Lakewood, OH, USA) of less than 100 µm in thickness was introduced between the specimen and the SiC rod to prevent any undesired bonding between the rod and the specimen at high temperatures. Flexure specimens were subjected to four-point bending where the tensile outer-fiber displacement was captured using the video extensometer coupled with a custom built spring-loaded linear displacement dashpot and SiC extension probe rod contacting the tensile midpoint of each bar.
2 Specimen geometry
Two sets of compression specimens were used in this study. A first set consisted of regular cubic specimens having the dimension of 3 mm × 3 mm × 3 mm. A second set comprised a new geometry that we propose, having the shape of the letter I (which we call I-shaped), with nominal height, length, and thickness (with reference to Fig. 1 ): max H = 7 mm, min H = 3 mm, max L = 7 mm, min L = 3.5 mm, and T = 4 mm Notches on these specimens were made using a 1.2 mm diamond blade resulting in a radius of curvature of ~0.635 mm. The proposed new geometry is analogous to a Bridgman high pressure conical anvil where peak compressive stresses are localized to the web section preventing specimen/fixture deformation at the load contact areas. Unlike the conical anvil shape, machining the I-shaped geometry is relatively simple and it has several advantages.
(1) The contact surface between the sample and the SiC rod is large compared to the section in the central rib of the specimen (middle part of height min H ), which reduces the stress applied on the rod, and hence the creep rate of the specimen and fixture contact area, while maintaining a higher stress on the specimen itself. As an illustration, for the particular dimensions considered here, if 30 MPa is applied on the center of the specimen, only 15 MPa is applied on the SiC rod reducing thus any contribution from SiC in the overall deformation and allowing for more accurate data to be collected. To prove this concept, a finite element model was implemented in Abaqus R0214a where an elastic I-shaped specimen is subject to a pressure of 15 MPa on one end and fixed on the other. The distribution of the stress component along the applied load direction shows that the compressive stress is localized along the central rib of the sample, major contributing part in the overall deformation (Fig. 2) .
(2) It was also observed that this geometry reduces "barreling", commonly observed with cubic specimens after prolonged creep. In fact, interruption of several tests at different strain levels and observation of the specimens indicated that "barreling" was not noticeable in the I-shaped specimens below 10% strain, whereas less strains were allowed by the cubic samples. Strains were calculated based on the displacement  captured by the extensometer and is equal to 
where the height H represents the effective height ( min H ) for the I-shaped specimens and is equal to the total height for the cubic samples. The outer-fiber strain of the flexure specimen (nominal dimension of 4 mm  4 mm  40 mm) was calculated from the tensile outer-fiber displacement δ based on linear elastic beam assumptions [7] :
where h is the bar's height, L is the outer span, and a is the distance between the outer span and inner span.
Results
1 Determination of neutral axis position in flexure specimens
Four-point bending results were used to calculate the neutral axis (NA) positions of two specimens that were subjected to two distinct bending moments. The compressive outer-fiber curvature of the deformed beam c  was determined based on optical beam curvature measurements (Nikon Nis-Elements Documentation V3. 
The neutral axis position c h can be approximated as follows:
where H is the height of the beam and L is the length of the undeformed beam, equal as well to the length of the neutral axis (see Fig. 3 ). Results are summarized in Table 1 . Fig. 3 Geometric parameters of the beam used to determine the neutral axis position (Eq. (7)) in four-point bending specimens.
2 Creep curves
Compression creep experiments were conducted on both sets of specimens (regular cubic and I-shaped) at 1800 ℃ and stresses ranged between 10 and 40 MPa. Due to the transient nature of creep, particularly with the large accumulated strains observed here of ~10%, we extract the steady-state creep strain by non-linear regression fitting to each strain rate-strain creep curve following Luecke and Wiederhorn [25] :
where s  , p  , and 0  represent, respectively, the steady-state creep rate, primary creep rate, and an initial strain constant. For each specimen, strains were determined by plotting the displacement captured by the extensometer over the initial height min H for the I-shaped specimens and over the total height for the cubic specimens. Examples of creep curves at different stress levels are shown in Fig. 4 , where higher strain rates correspond to higher stresses. In order to verify the reproducibility of the results, replicate experiments were conducted for each stress level. Pre-exponential coefficient c A and stress exponent c n of the Norton's power law equation (Eq. (2)) were obtained (Fig. 5 ) from a linear regression using the logarithm of Eq. (2).
An analysis of covariance for testing slope and intercept significance was conducted on both data obtained from the cubic specimens and the I-shaped specimens, yielding the two regression coefficients statistically indistinguishable. This, combined with the finite element results, validates and justifies the new proposed geometry. Therefore, data obtained from the two geometries will be treated equivalently in the rest of the manuscript. It should also be noted that although data obtained from the two sample sets are statistically similar, higher accuracy is definitely attributed to the I-shaped geometry as it allows the corresponding specimens to have higher deformation strains.
Discussion
The analytical analysis presented by Chuang was the first attempt to obtain Norton's power law constants (compressive and tensile) independently. The author avoided the numerical procedure initially presented in his original publication [15] by considering the neutral axis positions and curvature rates from two separate creep tests, offering thereby closed form solutions to all the parameters [16] . Derivations of Eqs. (9)- (13) are detailed in Refs. [16, 17] and are not presented here.
In the case where inequality (9) is verified, solutions (9) to (12) apply [17] :
For the range of values expected for t n in the present system, and after inspection of different parameters, inequality (9) can be accepted for the present system and Chuang's equations can be adopted [17] :
and
k  , h, and m are the load-point displacement rate, neutral axis position, and normalized applied moment, respectively. Subscripts 1 and 2 refer to test number and subscripts c and t, as above, indicate compression and tension constants respectively. The compressive stress exponent calculated from Eq. (10) agrees well with the measured values ( Table 2) 1.85 and 1.76, respectively. Wider error was expected for the pre-exponential factor, c A , due to (i) contribution from the stress exponent error from Eq. (10) used in Eq. (12) and (ii) use of load-point displacement rates instead of curvature rates leading to a systematic error of ~20% as stated in Ref. [17] . Although the calculated results were satisfactory, compressive creep data were included to determine the tensile parameters by "pinning" the theoretical values to the experimental measurements by adjusting the Fig. 4 Illustrative smoothed (moving average method) creep curves. Actual data were used in calculating the strain rates. Not all data were included for the clarity of the figure. neutral axis position ratio c1 c2 / h h . The difference obtained between the calculated and experimental compression data can be regarded as an error that will induce through the calculation method to the tensile results. Thus, it can be reasonably assumed that the difference between the calculated and adjusted (by pinning) tensile stress exponents will delimit some error range, where tensile data points are predicted to fall into (hatched area in Fig. 5 ). Table 2 [32] considered several symmetric grain boundary protrusions and predicted a stress exponent of 1 as well.
When grain boundary sliding, accommodated by dislocation motion, is rate limiting, a stress exponent of 2 is predicted. Ball and Hutchison [33] considered the situation where dislocations glide through unfavorably oriented grains, pile-up at grain boundaries and subsequently climb through and along boundaries. Gifkins [34] presented a similar mechanism with the exception that dislocation activity occurs in the grain boundary region called "mantle"
where grain boundary dislocations pile-up at the triple edge and climb to the adjacent grain mantle to permit sliding and grain rotations. Recent research [22, 23] , conducted in our group, on ZrB 2 -20% SiC creep behavior at 1800 ℃ has shown geometrically necessary dislocation activity increases within grain boundary networks to accommodate the grain boundary sliding event during high temperature deformation. The creep mechanism was supported by direct observation of the microstructure where a series of nano-indents were placed on a polished surface and tracked after the deformation. Grain boundary sliding was manifested as grain rotations and translations. Additionally, quantification of geometrically necessary dislocations using electron back scatter diffraction techniques revealed increased activity near the grain boundaries to achieve the necessary accommodation for the sliding grains [22, 23] . Presence of limited cavitation in the compressive microstructures indicates grain boundary sliding mechanism operating in the present specimens. Limited cavities were similarly present in the compressive side of the flexure specimens (Fig. 6) [18] . Cavity formation may indicate accommodation in cooperation with the mantle mechanism, in response to grain boundary sliding in compression. Furthermore, the stress exponent suggests further contribution from an independent diffusional creep mechanism in pure compression. Therefore, we expect grain boundary sliding and diffusional creep to dominate the deformation in compression creep of ZrB 2 -20% SiC at 1800 ℃ , consistent with the flexure findings [22, 23] . The dislocation accommodated sliding attributed to the present material should hold for both compressive and tensile components of the deformation as tensile and compressive regions in four-point bending samples did not show substantial microstructural differences at 1800 ℃ with higher cavitation observed along the tensile surface [18] . Consequently, under pure tension, the tensile stress exponent of t 2 n  , implies increased contribution from an independent cavitation mechanism [18, 22, 23] . Table 2 Power law parameters determined experimentally and using Chuang [ 
Conclusions
The analytical solution proposed by Chuang coupled with our compression and flexure data were used to determine the tensile power law creep constants for ZrB 2 -20 vol% SiC composite at 1800 ℃. The new geometry used in compression tests showed similar strain rates as the cubic specimens but allowed for higher strains to be reached. Excellent agreement in the prediction of the compressive stress exponent was found between the analytical method and the experimental data. A tensile stress exponent of 2.61 is to be expected. Based on the determined stress exponents and comparisons with our recent findings [18, 22, 23] , grain boundary sliding accommodated by "mantle" dislocations combined with diffusional processes control the compressive creep behavior of ZrB 2 -20% SiC at 1800 ℃. Similar grain boundary sliding mechanism enhanced by a cavitation mechanism should operate in pure tension. . Samples corresponding to (a) and (b) were subjected to similar conditions of stress (~20 MPa) and temperature (1800 ℃).
